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Introduction

To increase the economy of steam turbines it is most important to in-
crease the initial steam parameters (temperature and pressure ), which are
limited by the inadequate strength of materials currently used in turbine
building. Stationary boiler and turbine aggregates operating in steam
temperatures of 565-650° and pressures of 130-300 atmospheres should be
built in the next few years. The unit rating of turbines must be increased
to 200,000-300,000 kilowatts. This poses serious problems to metallurgists
in their quest for new, dependable, inexpensive, and suitable heat-resistant
materials for new types of steam boilers and turbines.

The investigations described herein aimed at finding nonaustenitic blade
materials which would satisfy specified conditions for service at tempera-
tures up to 600° and which would be steel-based but would not contain any

nickel. Chromium stainless steels 1Khl3 and 2Khl3 were used for many years

in the production of steam tyrbine rotors and guide vanes operating et tem-
?1 . These steels respond well to forgigg,
(o]

peratures of up to 51CC

rolling, and stamping; hnve high over-all corrosion resistence; do n
tend towerd intercrystellipe corrosion in condensates; and, when hardened
and tempered, have favorable mechanical properties. However, lcw heat
resistance at temperature over 5259 limits their application. Therefore,

in the development of economic heat-resistant steels for use in high-parameter
steam turbine blades, it is desirable to increase the heat resistaonce of such

steels and to make them suitable for service at 565-600° by supplementary
alloying.

In other countries, and especially in the US and England, experiments
wvere conducted in the development of heat-resistant steels based on 12%
chromium stainless steels. The chemical comprnsitions of Soviet and
foreign chromium steels are listed in Table 1.

In the development of high chromium heat-resistant steels, the re-
searchers did not alloy with molybdenum and vanadium, with which it was
possible to obtain the best heat-resistant properties in pearlitic steecls
with 1-3% Cr. Most of the steels contain only 0.10-0.30%'w but also have
other alloying elements (W, Nb, Co). Acccrding to foreign data, only the
H-L6 steel (sec Teble 1), vhich is used for disks and other parts of gas,
aviation, marine, and other turbines, contains 0.70% V and even its
vanadium content, according to the latest data, was dezreased to 0.3%.

An investigation (2) of the heat-resistant properties of 12% chromium
steel containing niobium showed that an increace in the carbon content
causes an increase in the rate of creep. The steel has optimum properties
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with a 0.15% C content. This conclusion is confirmed in prectice. The
table shows that the vast mejority of steels ccatain 0.10-0.20% C. All
the steels examined contained molybdenum. In alloying = staeinless steel
(0.2% C and 14.0% Cr) with molybdenum (3), the stress which causes a
total defgrmation of 0.2% at S50  in 1,000 hours increased from 3 to

5.5 kg/vm“. Nonetheless, the heat-resistant properties of steel remain
too low for turbine parts operating at temperatures over 5500. To obtain
higher heat-resistant characteristics, the molybdenun content of some
steels is increased to 2.5-3% or, besides 0.5% Mo, other slloying elements
are added (W, V, Nb). According to the liter.ture (2-5), one of the most
heat-resistant steels in the Rex LL4S steel. Besides 0.7% Mo, it contains
carbide-forming elements such as V (0.10-0.20%) and b (0.3--0.6%).

This steel is used for gas turbine blades and disks and hag good
mechanical rroperties ot room and high temperatures tvp to 650 and good
heat-resistant properties at temperatures up to 600° for service life
not exceeding 1,000 hours. There is very little data on the behavior
of this steel during lcnger service. The only data is that et 600° and
a stress of about 7 kg/mme, after 10,000 hours, its total deformation is

0.2%.

In the US, despite the shortage of tungsten, steels of this class,
which contain up to 3.0 W, are used. There is a lack of data in the
literature on the effect that tungsten has on the properties of 12%

chromium steels.

Existing dota permit the conclusion that, despite the importance of
the practical applicetion of 12% chromium steels having sdditional ad-
mixtures, there is no systematic investigation of the effect of individual
hardening elements on the structure and properties ol this tyvpe of steel.
There is also no satisfactory explanation of the effect of the more im-
portant of these elements on heat-resistant properties.

Experimental Section

The experiments vere based on & chromium-molybdenum stainless steel
having the followiag chemical composition: 0.10-0.15% C; 10.0-12.0% Cr;
and 9.6-0.8% Mo  After hardening and high tempering the steel had a scrbitic
structure (see Figure 1). Both strong carbide-forming elements (Nb, Ti) and
elements which are eassily soluble in ferrite (V, W) were investigated for
supplementsry alloying. The alloying elements were introduced in sufii-
ciently wide limits (Table 2), both separately and together.

The steel was smelted in an induction furnace having a basic lining.
Each heat was separated into threc varts, which differed in their content
of onme element; this element was added after the pouring of the previous
part. Thus, three steel compositions were obtained from each heat, forming

8 series having the some base.

Ingots 12 kg in weight were forged into rods and heat-treated as fol%ows:
hardened at l,OSOo, sonked for one hour, cooled in oil, tempered at 650,
soaked for 3 hours, and subsequently air-cooled. The heat-trentment was
selected on the basis of an investigation of dilatometric curves as well as
the structure and hardness of steel after experimental hardening at various

The heat-treatment used assured a grain size of No 6-8 of the

temperatures.
Thus, the chance of varying initial grain

normal scale in all the steels.
sizes affecting the properties of the steel was averted.

-2 -
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steel with vapadium, tungsten, nio-
less homogeneous. Individual inclu-~
mteiris 0 0y TAT apls : o , vue contiend Sf e alicylag elcmont
is i1ncreased, their number and area also increase. The increase in the quan-
tity of ferrite is most noticeable in the structure of steel containing nio-
bium or titanium. Thus, the structure of steel containing more than 0.7% Kb
(the composition of KN-3), consists basically of large ferritic grains; sor-
bite is present cnly in the form of individual areas situated along the gran-

ular boundaries (Figure 2).

In the supplementary alloying of the
bium, cr ‘itanium, the strusture berrmers
o AL rae 3 weew

ERv adneda

Mechanical properties were determined at 20, 600, and 630°. At all the
temperatures investigated, an increase in the content of the alloying elements
caused a continual decrease in the hardness characteristics of the steel, which
is related to the increase of ferrite in the steel structure. Hardness and
strength are most noticeably decreased in a steel alloyed with niobium and
titanium (Figures 3 and 4). When vanadium content is increased, similar re-
sults are cobserved in the steel, although the effect of the vanadium is con-
siderably less and is apparent only when its content is over 0.3%. The ef-
fect of tungsten merits special attention. Alloying with tungsten up to 4.0%
hardly decreases the strength properties, despite the increase in ferritic con-
tent (Figure 5). The strength of steels containing, besides the tungsten, up

to 0.4% Nb is also decreased (Figure 6).

The effect of the alloying elements, except titanium, on the plastic prop-
eities of steel is markedly less. The introduction of ~0.1% Ti into steel
considerably lowers its plasticity, while in the other steels the plasticity
remains high. The impact strength at high temperatures (600°) as a rule in-
creases as the content of the alloying element is increased. All the steels
iuvvestigated had high impact strength at room temperature. The exceptions
were the KN-8 (0.4% Nb, 3.4% W) and KN-3 (0.7% Nb) heats, in which the impact
strength dropped to 1.3 and 2.1 kgm/cm » respectively. Such an impairment in
th2 properties is explained by the fact that in the steels investigated, which
were npearly entirely ferritic, there was an almost complete lack of phase trans-
fermations; therefore the increase in grain size after heat-treatment and forg-

ing is greatly apparent.

Circular specimens were used to test the steels for creep; the I. A. Oding
method was used at 550, 600, and 630° and at various stresses (4, 6 and 8
Specimens of all the steels investigated were tested for at least
1,000 hours. An analysis of the primary creep curves shows that the varia-
tion of values for parallel specimens was relatively small. Very frequently
their values fell into one curve. Figures 7 and 8 show some of the graphs of
the relationship of creep to alloying element content. Creep rates of speci-
mens tested for 600—1,000 hours were used in plotting the curves. To determine
the mechanics of the effect of alloying elements on the heat-resistant proper-
ties of steel, an extended investigation of the carbide phase was conducted
(Table 3). The chemical composition of ferrite is listed in Table k.

kg/mmz).

The investigation of a 12% Cr-Mo steel for creep showed that it is insuf-
ficiently heat-resistant in the range of 550-6000. The investigation of the
camposition of the carbide phase of steel showed that, in the presence of a large
amount of chromium (12%), vanadium remains principally in solid solution, form-
ing an insaignificant amount of the carbide VC, in which is combined not over
10% of the total vanadium content of the steel. In the tempering and sging
from the solid solution of these steels, there is separated a chromium carbide
Mep3C6, in which a larse amount of the molybdenum is dissolved (up to 25% of

its content in the steel).
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Because of the impoverishment of the solid solution by molybdenum and the
possible weakening of the intracrystalline bonds in the ferrite crystals, ow-
ing to the vanadium dissclved in it -- and this is indicated in the literature
(6) -- with a high content of the lutter, the heat-resistant properties of
steel fall sharply; this is even more apparent if the test temperature is in-
creased to 600-630- (Figure 7). However, if alloyed with small admixtures of
vanadium (up tc 0.3%), the resistance to deformstion of 12% Cr-Mo steel is
considerably increased over the whole range of the temperatures investigated.
This is explained by the fact tkat the presence of a small amount of vanadium
in the carbides and the solid solution to some extent stabilizes the solid
solution. This is confirmed particularly by the fact that under lengthy aging
(up to 10,000 hours at 600°), the relative molybdenum content in the solid so-
lution and the carbides remains practically unchanged by comparison with the

initial (Table 4).

Thus, the role played by vanadium in the 12% Cr-Mo steels, as a result of
the effect of the law of active masses during phase formation, is entirely
different from its role in the common 1-3% Cr-Mo steels in which the vanadi'm
is the basic carbide-forming element, which permits the retention of the molyb-
denum in solid solution and therefore maintains the high heat-resistance of
this class of steels. Inasmuch as there is an increase in the heat-resistant
properties of 12% Cr-Mo steel when "vo.3% V is introduced into it, steel having
the following composition was selected as the basis for composition investi-
gations: 0.10-0.15% C; 10-12% Cr; 0.6-0.8% Mo; and 0.2-0.3% V.

The investigation of the effect of admixtures of the strongest carbide-
forming element, titanium, on the structures and properties of steel showed
that when the Ti content is increased from 0.15% to 0.55% the quantity of fer-
rite in the steel is greatly increased and the mechanical properties decreased.
An analysis of the carbide phase shows that, in the presence of titanium, there
is formed a special TiC carbide, the TiN nitride and chromium carbide Mep3C6.
According to data which still require additional checking, about 30% of the
total titanium content of steel, in the initial state and after aging, is in
so0lid solution if the Ti content is over 0.10%. The molybdenum content in
the carbide phase is decreased in the presence of titanium as the content of
the latter is increased (from 23 to 10% of the molybdenum content of the steel).

The stability of the solid solution (ferrite) in the presence of titanium
is increased, which is generally confirmed by phase snalysis data both before
and after aging for 10,000 hours at 600°. However, apparently because of the
impoverishment of the solid solution by the carbon, its strength decreases,
and this explains the decrease in the resistance to creep at a relatively low
temperature (550° and 8 kg/mm?) in steels containing more than 0.1% Ti.

At 600° titanium has practically no effect on the creep resistance of steel
(Figure 8).

At higher temperatures (630°) and comparatively low stress (4 kg/mmS), the
stability of the solid solution becomes the decisive factor, assuring a rela-
tive increase in the resistance to creep of steel when its titanium content is

increased.

The data obtained permit the conclusion that the alloying of 12% Mo-V steels
with titanium does not make it possible to obtaln steel sufficiently heat-re-

sistant for service at 550-600°.

A study of the effect of another carbide-forming element (niobium, up to
0.7%) on the structure and properties of steel shows that, when its content is
increased, the ferrite constituent in the steel structure is also increased as
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much as in steels containing titanium. The strengtn properties and the im-
pact strength are simnultaneously decreased. Of greatest interest is the
study of" creen resistance of steels with varying .. bilum contents.

Thus, the introduction of even 0.15% niocbium into steel considerably in-
creases the creep resistance of the steel in the temperature range of 600-
630° and under relatively low (6-b kg/mm2) stresses (Figure 8). With the
subsequent increase in niobium content to 0.45-0.71%, the rate of creep at
600° continues to decrease and only at 630° does a niobium content beyond

0.45% cause a sharp softening of the steel.

In analvzing the cerbide phase it was established that, as the niobium con-
tent of cteel was increased, the gquantity of chromium carbides Me2§05 is sharply
decreased ana Nbl becomes the basic carbide separated from the solid solution.
Moreover, the molybdenum content of the solid solution ies continually increased
from 87 to 98% of its total content in the steel at the expense of its decrease
in the carbide phase. During lengthy aging (10,000 hours at 600°)an additional
decrease is observed in the chromium content of the carbides and an incresse in

the molybdenum and nicbium content.

Unlike titanium, niobium apparently does not enter into the composition of
the ferrite but remains entirely in the carbide phase. Tne great stability of
the solid solution of ferrite in the presence of niobium (when its content is
up to 9.45%) assures a considerasble increase in creep resistance.

Of greatest interest are the series of steels alloyed with tungsten (either
with or without niobium). Tungsten, as is molybdernum, iz among the elemernts
easily dissolved in ferrite at room and high temperatures. Tue large atomic
radius of this element results in great distortions in its ¢rystalline lattice.
Nonetheless, as is known, tungsten is a lesser carbide-forming element taan

vanadium, titanium, or niobium.

The creep resistance of steels containing tungsten increases as the tung-
sten content is increased, with the greatest strengthening effect obtained at
600°. At a lower temperature (550°) the effect of the tungsten is signifi-
cantly less. Of all the steel compositions investigated, the smallest rate
of creep (0.6 X 10-5%/hour) at 600° and 6 kg/mm? was in a steel containing

about 4% W (Figure 8).

With the simultanecus presence of nicbium (~0.4%) and tungsten (up to 1.5%)
in steel, the effect of the latter on the resistance to small plastic deforma-~
tions is less noticeable. But, as seen from Figure 9, when the tungsten con-
tent is increased to 4.0%, the rated creep strength (for a rate of 1 X 1077%/-
hour)inecreases sharply. Thus, with a high tungsten content, the effect of
nicbium on the heat-resistant properties is greatly decreased, and such prcp-
crties remain at the same level as in steels containing tungsten but no nic-

biwu.

The test results fo: comfimous trength at a temperature of 600o and a
stress of 11 kg/mm2 cre presented in Table 5.

An annlysis of the date presented shows that all the steels investigated
maintain their high plasticity during long-run tests. In comparing the time
to destruction of steel specimens of various compositions 1t may be seen that
these data generally conform with the creep test results. The fact that tita-
nium is not a very effective element is particularly verified.

With increase in the vanadium content, the long-run strength of steel de-

creasesg.
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Niobium-series steels have relatively good properties. However, if the
niobium content is high (0.7%) the strength properties are decreased and are
practically the same as those of the 12% Cr-Mo steel, vhich attests to the
insufficient strength of a low-alloyed basic solid solution (ferrite).

Steel with a 3.9% tungsten content has the maximum continuous strength.
Thus, the great effect of tungsten in increasing creep resistance and con-
tinuous strength is apparent. teels alloyed with tungsten, as was shown
above, have very good mechanical properties. More detailed additioral in-
vestigations were therefore conducted on steels supplementarily alloyed with

tungsten as well as with tungsten and niobium.

Tests have shown that all the steels investigated are cherncterized by a
high plasticity. TFor example, steel containing 3.4% W and 0.4% Nb, after
destruction at 6,559 hours, had a relative elongation of 27.8% and a reduc-
tion in area of 56.0%; the destruction was intracrystalline. Curves have
been plotted relating time to destruction to stress € = f(s) in a logarith-
mic coordinate system, on the basis of test resulits. As seen from these
curves (Fjgure 10), at 600° tungsten considerably increases continuous strength
(6apfor 102 hours); moreover, its greatest value (16 kg/mm=) occurs with a L%
tin content. Steel nct containing tungsten but having the samne tStal content

of other alloying elements has a continuous sitrengta of ~ 7 kg/mm”.

In the carbide precipitate of the tungsten-series steels not containing
any niobium, when the tungsten content is increased to 4%, there is also
found, besides the chromium carbide Mes3Cg, a complex carbide (Fe, Cr, W, Mo,
V)nC with an enlarged lattice parameter. The solid solution of these steels
is, in the initial state (after hardening and tempering), very strongly al-
loyed with molybdenum and tungsten; it contains up to 90% Mo and over 90% W
(of their content in the steel). After long-time aging (10,000 hwours) at
600°, the chromium content of the carbide precipitate is somewhat decreased,
the molybdenum content remains unchanged, while the tungstern increases (by about

two times).

Roentgen ray analysis has still failed to show whether a unew pnase (Fgw)
appears or whether the quantity of the complex carbide is increased.

An analysis of the carbide precipitate from the series oI steels contain-
ing tungsten and niobium (~0.h4% Nb) shows that NbC is the basic carbide in
the initial state; all the Nb, moreover, is in the carbide precipitate. Be-
sides the NbC, chromium carbide Me,gCo is present; mo complex carbide is fourd
in the steel after hardening and tempgring. After aging (to 3,000 hours at
6000), the chromium content of the precipitate decreases, while the tungsten
and iron content sharply increase, which means that a complex carbide otluer
than Me23c6 or the compound Fe2W is probably present in these steels.

It is still impossible to determine which phase, other than the carbide NbC,
is present in steel since only weak, diffused lines appear on the roentgenogram.

A solid ~olution of these steels, even after long-time aging, contains «
large amount of molybdenum and tungsten (over 70-80% Mo and 50-60% W of their

total content in the steel).

Thus, alloying 12% Cr-Mo steels with tungsten is very effective. The tunrg-

sten is effective in that a considerable part of it goes into the o(-solid solu-
tion, while the other part goes into special complex carbides. Tungsten
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greatly strengthens ferrite at high temperatures, vetard: diffusion processes,
and increases the temperature of recrystallization. 1In the presence of tung-
sten a considerable part of the molytdenum remains in =0lid solution.

The precence of a greatly streng‘nened solid seolution ard a sufficient
quantity of the carbide rhase assures Ligk heat-resistlant properties for 123
Cr-}c steels which are allcyed with a 1arge amount of tungzten. Tonetheless,
besldes favorable strenzth properties, tnese alloys have satizfactory yplastic-
ity and impact strength, vhich are maintained over a very long time intervel

at high te-perature.

Steels containing tungsten and niobium are of irnterest since in their neat-
resistant prorerties they are not inferior to, and are even supericr *o sieels
containing tungsten but no niobium, as a result of the even more stable solid
solution. They are, however, almost entirely ferritic, wnich results in a
considerable decrease in impact strergth at room temperature and may cause
difficulties in heat-treatment and welding.

Conclusions

The experiments conducted on the 12% Cr-Mo =teel: contairning addicional
alloying elements permit the following conclusioneo : :

1. The heat-re51stanu ‘properties of steel are most effectiveiy 1nproved
by slloying with tunnsten' moreover, steel has the bezat properties qun it

contains about 4% tuncsten. e -

2. Alloying with nlob:un 1ncreases the heat«reals‘ant properties ef: steel
if the niobium content does not exzeed 0.L5%7 However, tce reat. resisgtance
of such steelg is, lower thun that of steels alloyed with tungs:en‘(ﬂvhﬁ Wi,

Nb) Zncreases

gust tungsten,
heat~treatment.

3. Alloying with both tung:ten and niotium (Auhp W and O.49
heat-resistant properties somewhat more than does alloying witn
tut the impact s rength 1s qeureased and’ difflculties emerge in

L. Inveutigations showad that 1ncrea<ed heat-resistant propertics are
caused first, by the svrengthening of the solid Solution {(ferrite) by such

elements as molybdenun and tungsten. Increasing the stability of the solid
solution by introducing strong carbide-forming elements (niobium) increases
only the resistance. to small plastic deformations during creep if the sol:id o
‘solution is not additlonelly»strengthened Dby other elements (W, Mo). The -
so0lid solution is- addltionally strengthened by the sepa“ation of the carbides

NbC (Fe, Cr, W, Mo,_V)nC and Me23C6

5. It was eetablished that in steels containing a large amount of chromium
(~12%), vansdium plays' & favorable role only when its content is not over 0.3%.
Any additional increase in vanadium content sharply decreases heat-resistant
properties as a result of: 1ts trans formation in conniderable quantities into

solid solution (ferrite) \

Lt

6. The effect of titanium as a strengthening element in the investigated
steels was found to be insiﬁnificant even though its effect is increased with

temperature. )
T On the basis of the effects of alloying eiemente on the heat-resistant

properties of 12% Cr-Mo steel which have been uncovered in this investigatiocn,

two grades of a new blade material for steam turbines operating at 550-600°

have been developed and are recommended for industrial testing. These steels
contain no nickel and are similar to the austenitic steels of the type ETI123

in their heat-renistant properties.
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‘The chemical comp051t10n and propertles of these new steels at 600° are
listed in Table. 6.--; :

The 1mpact strength at room temperature for hardened and tempered metel,
smelted under either laborauory or industrial condltlons, is within the range
of 4.5-14 kgm/ecm® for.! \the ‘EI757 steel 'and 10-15 kgm/cm2 for the EI756 steel
After aging for 3,080 10, OOO hours at 600o impact strength becomes stsbi-

lized at 3-4 kgm cm .:¢

In the *nduhtrlal smeltlng end fo*glng of these steels it was established
that their techno‘oz cal propertles are entirely adequate. Blades made of
the EI7S56 and EITS7 .steels have- been-.installed in one of the experimental
turbines of the Khar 'kov: Turbine’ Plant‘lmen;,Klrov.,‘

 REFERENCES
%. M. F. Sichikov, I-Ietz;lly v Mboetrdyénn (Metals in Turbine Buildi-ng),
Mashgiz, 1954 . : S o ’ .
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L . H. V. Kirkby, Metal Treatmevt and Drop Forging, Vol XIX No 77, LOSZ

5. P. Payson, Steel Proces51ng, Vol 39, ‘No 4, 1953
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Figure 1. Microstructure of 12%
Cr-Mo steel. X500.
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Figure 4. The efféct of alioying elements (v, Nb Ti)
’ on the mechanical propertles of 12% Cr—Mo-V
steel at. 600°, .
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Figure 5. The effect of tungsten on the mechanical

properties of 12¢ Cr-Mo-V steel:
(a) at 20°; (b) at 600°.
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Figure 6. The effect of tungsten on the mechanicsal
properties of 12% Cr-Mo-V-Nb steel:
(a) at 20°; (bv) at 600°.
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Figure 9. The effect of tungsten on creep :6-
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Figure 10. Hesults of tests fqr long-time strength of chromium

steels at 600°:

(1) 1Kkn12M (KP-1 composition); (2) 1Kh12MFB (KP-5);
(3) 1Kkhl2ovMFB (KN-6) and 1Kh12V2MFB (KN-T);

(4) 1Xh12viMFB (KN-8); (5) 1lKnlavaMr; (6) 1KR12VAME .
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Table 1. Chemical Composition of Industrial Chromium Steels
Steel Grade C Cr Mo Cogtent £ Eler\tllents (%) Ni
1Kh13 0.15 12.5-14,5 -- - - » -
2Kh13 0.16-0,2}4 i2-1k -- -- - . .
Kh10s2M (EI107) 0.3 9.72 0.95 .- - . ) )
60Kn16M2A 0.60 12-17 2-2.5 -- - ) ?.36% 3
ke3 0.06-0.13 11.5-13 -- -- -- 0.5 )
H-b6 0.2 1 0.6 -- 0.7 - 0.15 .
j:x 448 0.10-0,20 10-13 0.6-0.9 - 0.10-0.20 -- 0.3-0.6 )

2 0.20 13 1 1 0.30 0.75 -

Lapalloy 0.30 11.50 2.75 -- 0.25 - )
l20r? Mo 0.15 11,50 3 -- -- . )
12Cr, Mo, Ni 0.15 11.50 3 - -- 1-; . )
12015, Mo, Vv 0,25-0,35 11-12 2.,5-3 -- 0.20-0.30 0.5 ) ‘
12Cr, W, Ni 0.12-0,17 12-14 0.5 2,5-3,5 - 1.8 i )
12Cr, Mo, W, v 0.19-0.23 11.5-13 0.9-1.1  0.8-1,2 0.19-0.27  0.6-0.8 )
12Cr, Co, W, V 0.17-0,22 11.5-13 0.15 2.5-3.5  0,19-0.27 0.5 - ; )
12Cr, Wb 0,13-0,18 11.5-13 -- -- -- 0.5 0.35-0,45 e cSOTAT
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Composition

Series

Vanadium

Niobium

Titanium

- 4T -

Tugsten

Tungsten and
niobium

N S:nitized Copy Approved for Release 2011/04/1

Index
KI-1
KF-1
KF-2

KF-3

KN-1
KN-2

KN-3

KT-9
KT-10

KT-11

Kv-5
Kv-6

Kv-7

KN-5
KN-6
KN-7

mi-B

Table 2,
< ==
0.13 12,20
0.16 11.10
0,15 11.36
0.16 11.54
0.11 11.90
0.10 11.90
0.11 11.95
0.14 11.32
0.15 11.05
0.15 10.7L
0.08 11,5
0.09 11.65
0.09 10.66
0.1+  12.12
0.13 1.1
0.13 11,35
0.11 11, 50

Chemical Composition of Steels Investigated

Mo .

C.66
0.59
0.59
0.59

0.69
0.69
0.69
0.66
0.63
0.63

0.69
0.66

0.69

0.66
.73
0.70

0.70

LA o S N - S—
- - - - - 0.20  0.77 0,034 0.020
0.28 . - - -- 0.3 0.69 0.5 - 0.022
0.60 -- - -- -- 0.36  0.69 0.025  0.014
0.98 -- -- -- -- 0.36  0.69  0.024 0.025
0.28 -- - 0.15 -- 0.3 0.90 0,03 0.032
0.28 - -- 0.45 -- 0352 0.89 0.030  0.034
0.24 -- -- 0.71 -- 0.56 0.8 0.032 0.055
017 .. 0.13 - -- 0.k2 0.67 0,029 0.012
0.20 - .44 - - 0.48 0,93 0.026 0,010
0.20 -~ 0.55 - -- 0.66  0.89 0.025 0.015
0.33 0.3z . -- -- 0.28  0.78  0.29 0.012
026 115 .. - -- 0.30  0.77 0.020  0.0L4
0.25 3,90 .. -- -- 0.3k 0.63 o.oég 0,012
029 - -~ 036  0.89 0.3 0.93 0.616 0.022
035 "0.80 .. 0.36 1.0 0.17  0.91 0.026  0.025
0.3+ 1ko . 0:33 0.9  0.08 0.95 0.015  0.027
0.26 340 .. 033 0.83  0.14 0.95 0.019  0.028.

Contents of Elements (%)
ol
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Teble 3. Results of Investigation of Cq
State (Hardening # Tempering)

Composition
Index

KF-1

KF-2

KV-5
Kv-6
KV-7

KT-9
_KT-10

KP-11

Series

Vanadium

Niobium

Tungsten

Titanium

Stepl Centent (%)

Carbor:

. 0.09i

0.09

0.4
0.15

0.15 |

Alloying

Clement

0.15
0.45

0.71

:“Lif}e‘frecipjtate cf Thromium Steels ir Initial
ind After Aging for 1u,000 Hours at 6Q0°

|
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>
- G Cr
Tnitial After Tnitisl After
State Aging State Aging
£l 5.7 61.1 60.2
rn -0 o~
c. . £ 927
5.l . 52,2 59.0
6.1 6. Sk.1 50.2
5.9 6.0 L1.5 3.3
8.5 6.6 15.4 12.1
7.8 6.5 4,8 60.5
2.6 S.b L3.5 37.h4
7.0 2.1 35.3 23.¢
6.0 ¢.3 56.5 52.%
o - ‘
11.5 wh 2 Lo.8
0. 15.3 26.5 234
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e Chemical Composlition of Carbide Precipitate in Percentage Weights
. Mo W N Nb Ti
Initial After Initial After Initial After Initial After Initial Af'ter
State Aging State Aging State Aging State Aging State Aging
6.0 6.7 - -k 2.9 2.9 - -- -- --
5.8 6.2 - - L.8 4.3 - - . -
5.7 6.3 -- -+ 7.6 6.3 -- -- - -
5.1 ¢ 6.9 -- -- 2.3 2.4 9.5 1.0 -- --
3.5 7.8 -- -+ 1.3 L.b 29.1 32.3 . -
1.2 6.0 -- -+ 0.8 0.6 63.0 61.6 - -
5.9 5.0 5.9 312 5.3 bk - - - -
5.3 8.4 : 7-1_ _1,8‘-1 5.5 3¢5 -- -- -- --
k.9 51 18,0 - 36k 2.7 0.8 - -- - -
6.4 1.9 -- -t 1.0 1.6 -- - 5.3 8.1
5.7 7.1 <- - 0.9 1.2 -- -- 18.0 21.8
5.7 6.5 -- - 1.0 1.1 -- - 34.9 37,1
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|

G Roentgenostructural Analysis Data
Fe M . Initial State
Inities After Initial | . After Carbide Carhide Lattice .. Carbide Type
State Aging - Stete Aging Type Parameter After Aging
21.8 - 21.2 2.1 2.3 N
2.2 22.0 1.9 . 20 Meps Cg - 10,65 . Mot determined
20.6 21.5 2.0 2.0 -
19.0 19.0 © 3.9 b Mep3 € ' 10,65 Mep3 C
Lo I e 0 b k6 e 0
15.8 5.1, 2.9 3.1 e . 4,46
s . © Meps Cg . 10.65
7.3, 10.0 3.8 3.1 e 6 ) L M6 Not determined
: . Mep3 C6 10.65
25.4 16.3 ~ . kb k.1 Mep3 C6 10.65
¢ M623 Cé, 10.65
25.2 2.1 b8 3.1 0 -+ Mep3 G - . . id
. S (e, Cr, , 10.69
27k 30.3 L 14 . W, Mo, V) ’ . .
L , . P o, 1110 Mep3 Cq(*3)
22.8 17.5 2:0 3.2 Mepy Cg 10.68
. L Meo3 C6 10.65
19.7 1k 2.7 . 3.5 TiC ' h,3h Not determined
. e - Lo TiN h.26 :
13.0 12.0 b2 : L6 - Mepg Cg : 10.65

{ . 1IN, b.36
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—
7
Steel Content (%) o] . Oy
Composition . Mloying - Initial ’ After Initisl After
Index Series Carbon Element State Aging State . Aging
i
KH-5 Tungsten 0.14 - 10.3 R 34,3 30.1
and nio- .
KN-6 bium(*1) 0.13 0.8 8.3 6.0 3L.h 26.0
-7 ‘ 0.13 1.h 7.7 b 29.9 21.7
KN-8 011 3.4 5.7 1.9 25.6 16.2

{(¥1) The column “Steel Content of Alloying Element" lists tungsten content for this series of steel. These
steels were .aged for 2,000 hours. . .

(#2) Chemical analysis showed the presence of VC in the KF-3 steel [footnote i1eference omitted in tabiel.

(*3) Besides the lines corresponding to the carbide Me,2Cg, the roentgenogram had lines corresponding to the
) strongest lines of compound Feaw. However, becausé of the great fog it was impossible to confirm that the
precipitste investigated contained Feew. )

(¥4) Besides the lines corresponding to NoC, there were weak diffused lines which could not be identified.
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- Chemical Composition of Cafbide Precipitate in Percentage Veights
_ Yo W N b i
See i e hm me he Rp MmO ww
3insg Lol Z1ng
2.7 2.7 - - 1.6 1.5 34.8 h1.6 - -
2.7 8.2 2.5 8.3 1. 1.2 38.3 29.3 -- --
2.b 6.5 3.0 18.0 1.0 0.5 b1.6 23.4 -- --
2.6 5.5 13.3 32.7 0.7 0.2 36.2 11.7 - -
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e .
Fe

Initisl Aier Initial After
State NAzing State Aging
12.6 1.4 3.7 3.3
12.2 18.6 3.2 1.7
11.4 23.8 3.0 1.7
13.3 31.0 2.6 0.8
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Roentgenostructural Analysis Data

Initial State

Carbide Carbide Lattice Carbide Type
Type Parameter After Aging
id
il b.h6
Meps Cg 10.69
NbC (* )
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Table 4. Chemical Composition of Ferrite in Steels Investigated

gzszin? in Chemical Composition of Ferrite' (% weight)
Composition Alloying

Index Series Carbon Element  Cr Mo ¥ ] i} bt Si{*¥1) M Fe
KF-1 Vanadium 0.16 0.28 9.8 0bs o022 .. -- -- 0.37 0.65 Rema nder
KP-2 0.15 0.60 10.0 0.45 o0.51 . - -- . o.37‘ 0.65 "
KF-3 0.16 0.98 10.0 0.45 0.80 -- -- -- 0.37 0.65 "
KN-1 Niobium 0.11 0.15 L1 06L 0.2k .. -o(x2) -- .39 0.84 "
KN-2 0.10 0.45 1L 0.6 0.26 - " .- 0.43 0.85 "
Kn-3 0.11 0.71 11.9 0.68 0.23 - " .- 0.57 0.81 "
KV-5 Tungsten 0.08 0.32 1.2 0.6+  0.28 0.26 - -- 0.28 0.74 "
Kv-6 0.09 1.15 1.3 0.65 0.20 1.08 . -- 0.30 0.73 "
Kv-7 0.09 3.90 0.2 0.63 0.21 3.70 - -- 0.3k 0.55 "
K7-9 Titaniun 0.4 013  10.2 0.5 015 - .. - (%2) 043 o063
KT-10 ' 0.15 0.46 10.5 0.55 0.8 .. -- 0.16(*3) 0.k9 0.90 . "
KT-11 0.15 0.55 10.6 0.5 019 ..

- 0.19(%3) 0.67 0.85 " :
, STAT
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Content in Chemical Composition of Ferrite (% weight)
Steel (
Composition Alloying
Index Series Carbon Element  ¢r Mo v W M M 51(x) M Fe
KN-5 Tungsten 0.14 - 11.8 0.66 0.27 - --(¥2) - 0.33 0.89  Remainder
and nio-
KN-6 bium (%) 0.13 0.8 L1 070 0.3k 0.7 --(x2) - 0.17 0.87 "
KN-7 0.13 1.4 1.0 0.67 0.33 1.37 --(%2) - 0.29 0.91 "
KN-8 0.11 3.4 1.2 0.66 0.25 3.20 --(¥2) - 0.1% 0.91 "
(*1) Analytically determined, assuming that part of the silicon is in s0lid solution
(¥2) Flement is present only in the carbides
(*3) Data made more precise
(*4) The colum "Content of Alloying Element"

lists tungsten for this series of steels
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Compositicn
Index

Kp-1

KF-1
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Time to
Destx-uctiog

Z 1 kg/m

622
780
Specimens not
destroyed at
1,000 hrs

id-

1095
1263

Specimens not

destroyed at
1,000 hrs

id
om
%8

Specimens not

destroyed at
. .1,000 hrs

id

Table 5. Continuous Strength Test Results

Time to Destruction Relative Relative Reduc:ion
After Cyclic Stress, Elongation in Area (%)
= 25 kg/m®, hrs Specimen Avg Specimen &g
= Xo  ®e  BE g
80
*
2 TS et 0.8
30¢ 39,5 8.0
36% 0.0 39.7 85.2 8.6
- 1. .
- _‘2353. 52.1 gg.g 87.7
101 32.0 76.7
89 3Lk 3L 8.5 78.6
20 39.3 79.7
21 33 33 79.7 791
—_ k9.8 . 8. ,
- 53.6 5.7 .0 3.9
by . 346 . 72.0 .
kg - o0 R8 62.0 83.5
19 37.6 73.8
1 . 36.3 7ok
R 35.0 69.0 STAT
CL8, 16.
382 16.3 16.2 40.5 36.4
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Tine to Time to Destruction Relative Relative Reduction
Composition Destruct:ncr)‘g After Cyclic Stress, “longation in Arvea (%)
Index * 11 kg/) 2 25 kg/mn®, hrs Specimen Avg Specimen Avg
KT-9 1098 -- 43.8 8.
Wwé2 - 11.5 k2.6 ;9.5 19.2
KT-10 204 -- Sk, 9.
188 - 6‘4.3 59.2 ég; 903
Ko-11 50 -- Lok 86.
k11 - k7.5 14318 86.; 86."
. 2
6 20 kg/m

STAT
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Table 5. Chemical Composition and Properties of New Steels

Continuous Creep

Strength Limi%
Steel Content of Elements s P (20" br)  n (1x10:5)
Grade _ T T v Tio v 5T T NGt Over _kg/m®  kg/m®
1Knl2vhMp 0.10-- 10.5--  3.7--  0.6--  0.2--  0.20-- 0.6-- 0.0 0.0 1--16 6.0
(E1757) =015 -1205 -h3 08 -o0.3 --0.35  --0.8 ? ? '
1XnlovauF 0.10-- 10.5-- . 1.8-- * 0.6-«  0.p-. 0.20--  0.6-- 0.0 0, -- :
(E1756) =015 --12.5 .22 0.8 -10.3 --0.35  -<0.8 } B e =

* % ¥
STAT
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